The multiwalled carbon nanotube ͑MWCNT͒ yarns converted from superaligned MWCNT arrays are selfassembled sheetlike structure in which MWCNTs are aligned along the stretching direction and will shrink into a tight fiber after passing through volatile solvents. In this paper, we report the comparative studies on the physical properties of the MWCNT sheets and shrunk yarns. The major differences between them lie in the surface area and intertube interactions, which result in different mechanical and electrical properties. Their surface areas were measured according to the energy conservation law and Stefan-Boltzmann law, manifesting that the surface area of the sheet is around 30 times larger than that of the shrunk yarn. With the measured surface area, the thermionic emission from them was further studied. There is no difference in their work function, emission efficiency, as well as Richardson's emission constant which is approximately equal to the theoretical value of 120.4 A cm −2 K −2 . The electronic transport properties were studied in low temperature ranging from 3 to 390 K and high temperature around 1100-2300 K. In all the temperature range, there exists a resistance reduction from the MWCNT sheet to the shrunk yarn which was attributed to the increase of intertube crosstalk points between neighboring MWCNTs. It is also found that R decreases with increasing temperature until 1800 K above which R increases due to the electron-phonon scattering at high T.
I. INTRODUCTION
Carbon nanotubes ͑CNTs͒ are promising one-dimensional ͑1D͒ nanomaterials for their high aspect ratio, excellent electric and thermal conductivities, high tensile strength, and chemical inertness. 1 CNT arrays are self-assembled structures in which high quality CNTs are vertically aligned on substrates. [2] [3] [4] In 2002, we have synthesized superaligned multiwalled CNT ͑MWCNT͒ arrays in which the CNTs have very clean surfaces and have strong van der Waals interaction with neighboring CNTs. 5, 6 The unique property of the superaligned MWCNT array is that continuous MWCNT thin sheets can be directly dry spun from it. The MWCNT sheets are very thin, transparent, and sticky due to a very high specific surface area. Many applications of the sheet have been demonstrated, such as light filament, polarizer, transparent conducting film, polarized light source, etc. 5, 7 Recently, we found that the MWCNT sheets will shrink to a tight yarn after passing through volatile solvents. 6 The MWCNTs in shrunk yarns are closely packed, leading to a high tensile strength and reduced specific surface areas. The shrunk yarns have been used as thermionic electron sources 8 and field emission electron sources. 9 In this paper, we report the comparative studies on the MWCNT sheets before and after shrinking, i.e., the MWCNT sheets and shrunk yarns. It is found that both the thermionic emission properties and the electronic transport properties have been changed dramatically after shrinking. The reason lies in the fact that the specific surface area has been greatly reduced after shrinking. It is well known that the specific surface area of CNTs is much larger than those of general materials for their 1D tube structure and extremely small diameter. The surface area of individual CNT can be estimated from the transmission electron microscopy image of it. Effective surface area of massive CNTs can be obtained from Brunauer-Emmet-Teller ͑BET͒ measurement. 10 Here, we introduce another approach for measuring the effective surface areas of MWCNT sheets before and after shrinking. On the basis of the effective surface area measurement, Richardson's constant was determined by thermionic emission, which is nearly equal to the theoretical value of 120.4 A cm −2 K −2 . The work functions derived from thermionic emission data show no difference for the MWCNT sheet and the shrunk yarn. The effective surface induced electronic transport properties of MWCNTs are also discussed, including I-V characteristics, R reduction from the MWCNT sheet to the shrunk yarn, and R increasing with increasing T at high T.
II. DETERMINATION OF THE EFFECTIVE SURFACE AREA
The superaligned MWCNT arrays were synthesized on 4 in. silicon wafer in a low pressure chemical vapor deposition ͑LPCVD͒ system by using 5-nm-thick iron film as catalyst and acetylene as precursor. Details can be found in Ref. 6 . Figure 1͑a͒ shows the as-synthesized superaligned MWCNT arrays and the MWCNT sheet drawn from the wafer. Figure 1͑b͒ is the as-fabricated shrunk yarn rolled on a spool with length about tens of meters. Figures 1͑c͒ and 1͑d͒ are scanning electron microscopy ͑SEM͒ images of the MWCNT sheet and shrunk yarn showing that the sheet is composed of sparsely aligned CNTs and after shrinking it becomes densely aligned. A 6-mm-wide MWCNT sheet was fixed on two nickel rods with a spacing of 8 mm. Another MWCNT sheet with the same width was pulled through droplets of ethanol, after which it shrank into the MWCNT yarn with the diameter about 20 m. 6 The shrunk yarn was also mounted on two nickel rods with the same spacing as that for the sheet. Both the MWCNT sheet and the shrunk yarn were heated by a direct current in a vacuum chamber with base pressure about 1 ϫ 10 −5 Pa. The spectra of the hot sheet and yarn were recorded by a spectrometer ͑Konica-Minolta CS-1000͒. The temperature can be derived by fitting the spectra with blackbody radiation law 8, 9, 11 and generally the uncertainty of temperature measurement by using this method is less than 1 K. The corresponding voltage U and current I were measured by Keithley 2182 and Keithley 2001, respectively.
The inset of Fig. 2 shows the optical images of the current heated CNT sheet and shrunk yarn. If we consider the energy flows in these two systems, according to the energy conservation law, the power input, which is equal to UI, should be equal to the power dissipated. Generally, there are three ways for energy dissipation: heat conducted to the nickel electrodes, photon radiation, and the electron emission. Since the temperatures are very uniform across the whole sheet or yarn ͑inset of Fig. 2͒ , the heat transferred to the nickel electrodes can be neglected. The energy loss due to electron emission has been theoretically predicted by Richardson more than 100 years ago. 12 An emitted electron will take away an average energy of +2k B T. Then, the power dissipated due to electron emission is
The energy loss due to photon emission can be well predicted by the Stefan-Boltzmann law which tells that the total radiant power is proportional to T 4 and can be expressed as
where = 5.67ϫ 10 −8 W/͑m 2 K 4 ͒ is the Stefan-Boltzmann constant ͑we assume emissivity= 1͒, T the Kelvin temperature, and UI the heating power. 13 A rough estimation indicates that, contrary to the field electron emission from CNTs, 14 the energy loss due to electron emission ⌽ el is negligible compared with that due to photon emission ⌽ ph . Then, according to the conservation law of energy we have
Therefore, the heating power UI should be proportional to the thermal radiation T 4 of the MWCNT sheet and yarn. Figure 2 shows the measured UI plotted against the T 4 for the CNT sheet and shrunk yarn, respectively. Both can be perfectly fitted by straight lines of which the slopes are the effective surface areas: 1.52ϫ 10 −5 m 2 for the MWCNT sheet and 4.51ϫ 10 −7 m 2 for the MWCNT shrunk yarn. The effective surface of the MWCNT sheet is about 16% of its geometric area, indicating that the MWCNT sheet is composed of sparsely aligned MWCNTs, which can be validated by the SEM images. The measured effective areas of the shrunk yarns are generally larger than but not far from the geometrical sizes because of the nanostructured surfaces. It is difficult to accurately determine the geometrical surfaces of the shrunk yarns because of the somewhat irregular structures. 6 These are the reasons for the larger and divergent Richardson's constants we measured in our previous studies. 8 Note that the effective surface area measured here is not the same as that measured by BET. Here, the effective surface area is the surface area for emitting photons or electrons to the environment, which should be smaller than the surface area measured by BET.
III. THERMIONIC EMISSION AND RICHARDSON'S CONSTANT
Recently, we have investigated the thermionic emission from the MWCNT shrunk yarn of which the work function has been determined by using the method proposed by Richardson. 8, 15 In that paper, we estimated the surface area by assuming a perfect cylinder surface for the shrunk yarn, which is smaller than the real surface area of the shrunk yarn. Therefore, Richardson's constant obtained in that paper is larger than the theoretical value. Here, we present our comparative investigations on the thermionic emission properties of both the suspended MWCNT sheets and the corresponding shrunk yarns, aiming at determining the work function and Richardson's constants for both type of materials.
For a thermionic electron source, the emission current depends on the work function, effective surface area, and temperature of the cathode, which follows Richardson's formula:
where I 0 is the zero-field emission current, A the Richardson emission constant, S the effective surface area, T the temperature in Kelvin scale, the work function of cathode, and k B the Boltzmann constant. The emission current versus external electric field in the accelerating field region can be expressed as log I a Ϸ log I 0 + 1.906
where I a is the current collected by the anode with potential U a and ␣ is a constant in cm −1 determined by the electrode geometry. The temperature T was obtained by fitting the light emission spectra ͑recorded by Konica Minolta CS-1000S͒ with blackbody radiation law. 8, 11 The corresponding I a ϳ U a curves of the MWCNT sheets and yarns at various temperatures were simultaneously measured by Keithley 237. Figures 3͑a͒ and 3͑c͒ show typical log I a ϳ ͱ U curves of the MWCNT sheet and corresponding shrunk yarn. If log I a is plotted against ͱ U a , and fitted by a straight line, the intercept on the y axis should be log I 0 .
Conducting logarithm operation on both sides of Eq. ͑4͒, we have
where S is the emission area. With log I 0 at various temperatures, the work function can be determined from the slope of log͑I 0 / T 2 ͒ϳ1/T. The measured work functions of these two types of samples are listed in Table I , which are all around 4.6 eV and equal to the work function of the shrunk yarn measured in Ref. 8 .
Since the effective surface area has been measured by the aforementioned method, we can also determine Richardson's emission constant from the intercept on the y axis of the log͑I 0 / T 2 ͒ϳ1/T plot. The measured Richardson's emission constants for the MWCNT sheets and shrunk yarns are listed in Table I , which are all approximately equal to the theoretical value of 120.4 A cm −2 K −2 , indicating that the thermi- onic emission from both the MWCNT sheets and the shrunk yarns follows Richardson's theory very well. However, it has to be pointed out that the effective surface areas adopted here were assumed to be equal to the surface areas measured according to the Stefan-Boltzmann law, which were the effective surface area for photon emission. This area should be smaller than the surface area measured by the BET method which is based on adsorption measurement. The reason lies in the fact that some inner surfaces can exchange photons and do not contribute to the radiant power. Also, these inner surfaces can exchange electrons; consequently, it is reasonable that the surface area for electron emission is the same as that for photon emission. This assumption is also supported by the fact that the derived Richardson's emission constant is equal to the theoretical value, indicating that the aforementioned method for determining the effective surface area is valid.
From the experimental results listed in Table I , we can see that both the work function and Richardson's emission constant of the MWCNT sheets are the same as those of shrunk yarns. Another important parameter for their application as thermionic cathode is the emission efficiency which is defined as the ratio of the emission current to the input power. For both the MWCNT sheets and the shrunk yarns, the emission efficiency can be written as
which is only related with the temperature T. Therefore, the emission efficiency of the MWCNT sheet is the same as that of the shrunk yarn provided that they work at the same temperature. The experimental data of the emission efficiency of both the sheet and the shrunk yarn were plotted in Fig. 4 , which fit very well with the theoretical curve ͓calculated from Eq. ͑7͒ by assuming and A equal to 4.6 eV and 120.4 A cm −2 K −2 , respectively͔. The inset of Fig. 4 is the magnified plot of the emission efficiency data in the green rectangle, distinctly indicating that is identical for the sheet and the shrunk yarn at the same temperature. To reach the same temperature, however, the MWCNT sheet needs much higher input power dissipated via thermal radiation than the shrunk yarn due to larger surface area. For example, an input power of 9.378 W ͑I = 107.795 mA, U = 87.00 V͒ was needed to heat the MWCNT sheet to 1813.6 K ͑I 0 = 1.06 ϫ 10 −5 A͒, but only an input power of 0.292 W ͑I = 21.639 mA, U = 13.50 V͒ was sufficient to heat the shrunk yarn to 1839.1 K ͑I 0 = 3.67ϫ 10 −7 A͒. That is to say, at the same temperature the thermionic emission current of the MWCNT sheet is much larger than that of the shrunk yarn for the large effective surface area.
From our experiments, we also found that the maximum temperature that can be reached by the shrunk yarns was much higher than that by sheets. Furthermore, the maximum emission current of the sheet ͑sample 1គsheet͒ was about 17.6 A at 1813.6 K, and that corresponding to the shrunk yarn ͑sample 1គyarn͒ was about 230 A at 2277.0 K. Since the thermionic emission current density exponentially depends on the temperature and linearly depends on the effective surface area, therefore the MWCNT shrunk yarn is a better choice of thermionic electron sources than the MWCNT sheet, even though the effective surface of the MWCNT sheets is much larger than that of the shrunk yarns.
Since the work function of the MWCNT yarn is almost the same as that of tungsten ͑4.54 eV͒, it is therefore expected that the MWCNT yarn should have the same performance as tungsten hot cathode. Due to the nanostructured surface, the MWCNT yarn has a larger effective surface area as well as higher emission current than tungsten if they work at the same temperature. 8 However, for MWCNT, the maximum working temperature is lower than that for tungsten.
IV. ELECTRONIC TRANSPORT PROPERTIES AND RESISTANCE REDUCTION
The electronic transport properties of the MWCNT sheets and shrunk yarns were also investigated at low temperatures ͑from 3 to 390 K͒ and high temperatures ͑from 1100 to 2300 K͒. The low temperature electronic transport properties were investigated in a low temperature probe station ͑LakeShore Cryotronics, Inc.͒ by using Keithley 4200. The I-V characteristics and the high temperature electronic transport properties were investigated in a vacuum chamber with a base pressure of 1 ϫ 10 −5 Pa by using Keithley 237. The typical I-V curves for the MWCNT sheets and shrunk yarns in vacuum are shown in Fig. 5 , which are quite different from each other. The current passing through the MWCNT sheet increased nonlinearly with voltage, indicating that its resistance decreased with voltage. The same behavior has been previously reported by ourselves 5 and Zhang et al. 7 For the shrunk yarn, the resistance is much less than that of the sheet, and decreases first with voltage and then increases again. Because the sheet and the yarn can be heated by current to high temperatures in vacuum, we attribute these nonlinear behavior to the temperature effect.
If we look at the I-V curve near zero bias ͑top left inset of Fig. 5͒ , which corresponds to the room temperature measurement, it is found that R was lowered from 1714.7± 0.2 ⍀ for the MWCNT sheet to 1420± 4 ⍀ for the shrunk yarn. The resistance reduction appears to be a result of MWCNT bunching. This bunching effect can also be observed if we blow the MWCNT sheet. The MWCNT sheet was first drawn from a superaligned MWCNT array and then directly covered on a glass substrate with the two ends fixed by silver paste as electrical contacts ͑top left inset of Fig. 6͒ . A bias of 2 V was applied on the two silver paste electrodes and the currents were monitored by Keithley 237. If the MWCNT sheet was blown by air, the continuous sheet will be turned into many parallel shrunk yarns ͑bottom right inset of Fig.  6͒ . During the blowing process, an apparent current jump was observed ͑Fig. 6͒, manifesting again the bunching induced resistance reduction.
We then conducted four probe measurement of the resistance of the MWCNT sheet and the shrunk yarn from 3 to 390 K in a low temperature probe station ͑LakeShore Cryotronics, Inc.͒. The resistance decreased as the temperature increased. The resistance reduction is obvious for the shrunk yarn in all the temperature range.
The bunching induced resistance reduction can be explained by a simple model. The suspended MWCNT sheet is constructed by joint MWCNTs, 5 and surface reduction from the MWCNT sheet to the shrunk yarn leads to forming a huge amount of intertube contact points. Before forming these intertube contacts, the electric potentials at the intertube contact points are generally different for the neighboring MWCNTs, leading to crosstalk between neighboring nanotubes. To analyze the relation between the increase of contact point and resistance reduction, we established a simple bridge model ͑bottom right inset of Fig. 5͒ with one contact point between two same CNTs. The resistance of CNT and the contact resistance are R 0 and R c , respectively. The analytical solution of the electric bridge can be expressed as
The equality R = R 0 / 2 occurs only when x 1 = x 2 , corresponding to the situation that the contact points have equal electric potential before contacting. In a complex network such as a MWCNT sheet, the potentials are generally different, leading to the resistance reduction. Therefore, the increase of intertube crosstalk might be the reason for the resistance reduction when the MWCNT sheet was shrunk into the yarn. As shown in Fig. 7͑a͒ , R decreases with increasing T and ͓R͑3 K͒ − R͑390 K͔͒ / R͑3 K͒ are 27% for the MWCNT sheet and 31% for the shrunk yarn, respectively. The nonmetallic behavior of the resistance decreasing with temperature for the MWCNT sheet and the shrunk yarn is generally consistent with the model involving electron hopping along thermally activated defect sites along the length of the nanotubes, 16, 17 and fluctuation-assisted tunneling through barriers. 18 The sharp decrease in R above 40 K which can be found from Fig. 7͑a͒ agrees well with the results of Skákálová et al. and it has been ascribed to the onset of thermally assisted transfer of electrons from the outer shell to the second shell. 19 R͑T͒ in the range of high temperature is an important property of MWCNT sheets and shrunk yarns for some high temperature applications such as polarized incandescent light source 7 and thermionic electron gun. 8 Here, we derive R͑T͒ from the measured I-V curves. Since we have experimentally confirmed the relation UI ϳ T 4 , the temperature at each point on the I-V curve can be determined. Then, the R͑T͒ can be obtained. For the sake of reliability, we only converted the R͑T͒ in the temperature range where we have the experimen- tal data of UI ϳ T 4 . The converted R͑T͒ of the MWCNT sheet and the shrunk yarn are presented in Fig. 7͑b͒ and both were reproducible. Also, the R reduction from the sheet to the shrunk yarn still exists at high temperature. The MWCNT sheet was prone to be broken at high temperature; therefore, the temperature range of the calibrated R͑T͒ curve of the MWCNT sheet was lower than that of the MWCNT yarn.
From Fig. 7͑b͒ , we can see that R of the shrunk yarn first decreases and then increases with increasing T and the turning point is around 1800 K. Several groups have reported similar phenomena of single walled CNTs, [20] [21] [22] but here we report that R͑T͒ of the MWCNT system have a crossover point at this high temperature. The expression for R as a function of T is dependent on electron scattering mechanism. Purcell et al. 23 assumed that R͑T͒ = R 0 ͑1−␣T͒, where ␣ is the resistance temperature coefficient. Huang et al. 24 have made an assumption that R should not decrease indefinitely, and some mechanisms such as electron-phonon scattering 25 can make R increase with T which can be expressed as R͑T͒ = R 0 ͑1−␣T + ␤T 3/2 ͒. The third item makes R increase with increasing T at high temperature. Here, we experimentally validate the assumption on the increase of R with increasing T for MWCNTs at high temperature.
V. CONCLUSION
The physical properties of the MWCNT sheets and shrunk yarns have been comparatively studied. Their major differences lie in the surface area and intertube interactions. We have developed an efficient method to measure their surface areas which manifest that the surface area of the sheet is around 30 times larger than that of the shrunk yarn. With the measured surface area, the thermionic emission from them was further investigated. It is found that they both follow Richardson's theory very well. There is no difference in their work function, emission efficiency, as well as Richardson's emission constant which is approximately equal to the theoretical value of 120.4 A cm −2 K −2 . The electronic transport properties are also investigated in low temperature ranging from 3 to 390 K and high temperature around 1100-2300 K. In all the temperature range, there exists a resistance reduction from the MWCNT sheet to the shrunk yarn which was attributed to the increase of intertube crosstalk points between neighboring MWCNTs. It is also found that R decreases with increasing temperature until 1800 K above which R increases due to the electron-phonon scattering at high T. FIG. 7 . ͑Color online͒ ͑a͒ R versus T of the MWCNT sheet and the shrunk yarn measured by four-probe method from 3 to 390 K. R of the shrunk yarn is less than that of the sheet in the full temperature range. ͑b͒ R͑T͒ of the sheet and the shrunk yarn at high temperature and R of the shrunk yarn increasing with increasing T after T is higher than 1800 K.
